It has been reported that the induction of cellular senescence through p53 activation is an effective strategy in tumor regression. Unfortunately, however, tumors including adult T-cell leukemia/lymphoma (ATL) have disadvantages such as p53 mutations and a lack of p16
Introduction
DNA damage activates the tumor-suppressor protein, p53, as part of the surveillance mechanism.
1 Through the transcriptional activation or inactivation of target genes, p53 executes the appropriate physiological response, such as apoptosis, cellcycle arrest or senescence. 2 To date, a number of target genes involved in p53-induced apoptosis have been identified, such as BAX, NOXA, PUMA, PIG3 and DR5.
3,4 p53 can inhibit cellcycle progression by initiating arrest at the G1, S or G2 phases. An inhibitor of cyclin-dependent kinase p21 WAF1/CIP1 (p21), GADD45a and 14-3-3s have been implicated as major mediators of p53-induced growth arrest. 5 In addition, the recent discovery of a new target gene, C12orf5, also known as TP53-induced glycolysis, and an apoptosis regulator, Tp53-induced glycolysis and apoptosis regulator (TIGAR), revealed an unexpected function of p53 that regulates glucose metabolism and apoptosis. 6 Substantial evidence supports the idea that p53 can drive either apoptosis or cell-cycle arrest depending on which target genes it chooses to activate. 1, 4 Meanwhile, a recent study showed that hematopoietic zinc-finger (Hzf) is induced by p53 and binds to its DNA-binding domain, resulting in the preferential transactivation of pro-arrest p53 target genes over its pro-apoptotic target genes. 7, 8 These findings suggest that Hzf has an important role in regulating cell-fate decisions in response to genotoxic stress.
Cellular senescence is also an important mechanism in tumor suppression, which can be triggered by DNA damage or oncogene activation. 9 Cells entering cellular senescence are characterized by persistent cell-cycle arrest, a large flattened morphology, failure to replicate their DNA and enzymatic activity senescence-associated-b-galactosidase (SA-b-gal). The tumor suppressors p16
INK4a (p16) and p14 ARF (p14) have long been recognized as mediators of senescence, and research on oncogene-induced senescence has progressed rapidly; however, many questions remain regarding the programs and signals of cellular senescence. 10, 11 Adult T-cell leukemia/lymphoma (ATL) is a neoplasm of T-lymphocyte origin etiologically associated with human T-cell lymphotropic virus type 1(HTLV-1), and is known to be resistant to standard anticancer therapies.
12-14 HTLV-1 Tax has been shown to interfere with most DNA repair mechanisms, prevent cell-cycle arrest and apoptosis and contribute to the stepwise leukemic process leading to ATL. 15, 16 Earlier studies using a p53-responsive reporter plasmid pG13-Luc and/or g-irradiation have shown that Tax can repress the transcriptional activity of p53 in various transformed cell lines. [17] [18] [19] To date, several different mechanisms by which Tax inactivates p53 have been proposed, although the effects are indirect and complex. 20, 21 Mutations in the p53 gene are found in about 50% of human cancers, and they abrogate DNA binding and the transactivation of p53. 22 Wild-type p53 protein is inactivated through binding to a specific E3 ubiquitin ligase, MDM2, which mediates the degradation of p53. Recently, a small antagonist of MDM2, Nutlin-3a, has been developed. Nutlin-3a binds MDM2 in the p53-binding pocket, activates the p53 pathway in human cancer cells with wild-type p53 and has shown promising results in an animal tumor model. 23, 24 As mutated p53 proteins have been found in less than one-fourth of ATL cases and Tax expression is frequently lost in primary ATL cells, the activation of p53 by therapeutic drugs may become a promising approach to ATL therapy. 13, 25 In this study we analyze the potential therapeutic utility of Nutlin-3a in a number of ATL-related cell lines. Our experiments also provide new insights into the mechanism of cellular senescence and the possibility of expanding Nutlin-3a-based cancer therapy.
Materials and methods

Cell lines
The ATL-derived cell lines, ST1, KOB, LM-Y1, KK1, SO4 and OMT, were established in our laboratory from the respective ATL patients. 26 These cell lines were maintained in RPMI 1640 medium supplemented with 10% fetal bovine serum and 0.5 U/ml of interleukin (IL-2) (kindly provided by Takeda Pharmaceutical Company, Ltd., Osaka, Japan). We also used the ATL-derived cell line MT1, HTLV-1-infected T-cell lines MT2 27 and HuT102, 28 human T-cell leukemia cell lines Jurkat and MOLT-4, human B lymphoblastoid cell line SKW6.4, Burkitt lymphoma cell line Ramos, transformed follicular lymphoma cell line SUDHL-4, acute myeloid leukemia cell line HL-60, monocytic leukemia cell lines THP-1 and U937 and erythromyeloblastoid cell line K562. These cell lines were maintained in RPMI 1640 medium supplemented with 10% fetal bovine serum.
Mutation analysis of p53
Total RNA from cell lines was isolated using ISOGEN (Wako, Osaka, Japan). After contaminating DNA was removed (Message Clean kit; GenHunter, Nashville, TN, USA), complementary DNA was constructed using the Thermoscript PCR with reverse transcription System (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's protocol. Reverse transcriptase-PCR was performed to amplify the sequence targeting the open reading frame of p53 (GenBank accession number NM_000546) with the following primers: (forward) 5 0 -TCCGGGGACACTTTG CGTT-3 0 and (reverse) 5 0 -AGGTGTGCGTCAGAAGCACC-3 0 . PCR products were then sequenced and analyzed using the BigDye Terminator v3.1 Cycle Sequencing kit (Applied Biosystems, Foster City, CA, USA) and an ABI-PRISM model 310 Genetic Analyzer (Applied Biosystems). All mutations were confirmed by sequencing in both directions. Additional primers for sequencing were as follows: (forward) 5 0 -TGCATTCTGGGA-CAGCCAAGT-3 0 and 5 0 -CATCACACTGGAAGACTC-3 0 , and (reverse) 5 0 -CCAAGTCTGTGACTTGCACGTACT-3 0 and 5
Deletion analysis of p14 and p16 and quantitative PCR for human T-cell lymphotropic virus type 1 (HTLV-I) Tax
As p16 and p14 share exon 2 but have different open reading frames, loss of DNA in this region means the deletion of both proteins. Deletions of p16 and p14 were analyzed using p16 exon 1-a and p14 exon 1-b respectively. We designed specific sets of primers and TaqMan probes as follows: for p16 exon 1-a: 0 -CTTG AGGTTGTCCAGGTG-3 0 and 5 0 -TGCTGGTGGTCTACCCTT-3 0 , TaqMan probe: 6FAM-GCCATGAGCCTTCACCTTAGGGTT G-TAMRA. Genomic DNA from cell lines was isolated using a QIAamp DNA Blood Mini Kit (Qiagen, Hilden, Germany) and subjected to a real-time quantitative PCR method based on TaqMan chemistry. PCRs were performed using Roche LC480 (Roche Diagnostics, Basel, Switzerland) with LightCycler 480 Probes Master mix (Roche Diagnostics) according to the manufacturer's directions. All data were normalized to the b-globin gene measured in the same samples. Samples with levels below the detection limit were considered to have homozygous deletions. Real-time quantitative PCR for HTLV-I Tax was performed as previously described. 29 
Chemicals and cell proliferation assay
Nutlin-3a (Alexis, San Diego, CA, USA), recombinant human soluble-TRAIL (Biomol Research Laboratories, Plymouth Meeting, PA, USA) and sodium butylate (Merck, Darmstadt, Germany) were used in this study. The cell proliferation assay (MTS assay) was performed using Cell Titer 96 AQueos Cell Proliferation Assay kit (Promega, Madison, WI, USA) in accordance with the manufacturer's instructions. Determination of the synergistic effect of combined treatment with Nutlin-3a and tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) was achieved using isobolographic analysis, as described earlier. 30 Flow cytometric detection of apoptosis, cell-cycle analysis and death receptors Apoptosis and the cell cycle were examined using flow cytometry. To evaluate apoptotic changes, cells were stained simultaneously with Annexin-V and propidium iodide (Bender Medsystems, Vienna, Austria). Cell-cycle measurements based on DNA content were performed using a CycleTEST PLUS DNA reagent kit (BD Biosciences, San Jose, CA, USA). Cells were harvested after treatment and analyzed using a FACSCalibur flow cytometer and Cellquest software (BD Biosciences). The cell-surface expression of death receptors was examined by flow cytometer using DR5 (Alexis) or CD95 (BD Biosciences) monoclonal antibodies. Mouse IgG1 (DAKO, Kyoto, Japan) was used as a negative control.
Cellular senescence assay
For SA-b-gal staining, cells were harvested after treatment, and then placed on glass slides by cytospin centrifugation at 700 g for 5 min. Fixation of cells and staining for SA-b-gal in a humidified box kept at 37 1C overnight at pH 6.0 were performed using the Senescent Cells Staining kit (Sigma Chemicals, St Louis, MO, USA). The slides were washed three times in phosphate buffer solution and evaluated. MayGrü nwald-Giemsa staining was also performed to distinguish between nuclear material and the cytoplasm. Cells were considered positive when the cytoplasm was stained with SA-b-gal.
Western blot analysis and antibodies
Whole cell lysates (20-40 mg) were prepared and western blotting was performed as described earlier. 31 Analysis was performed using antibodies to p53 (DO-1), MDM2 (Ab-1), PUMA, NOXA and PIG3 (Merck); caspase-3, BAX, Bcl-xL and p21 (Cell Signaling Technology, Beverly, MA, USA); TIGAR and Hzf (Abcam, Cambridge, MA, USA); GADD45a and p27 (Santa Cruz Biotechnology, Santa Cruz, CA, USA); Bcl-2 and 14-3-3s (Upstate Biotechnology, Waltham, MA, USA); c-FLIP (Dave-2) (Alexis); survivin (R&D Systems Inc., Minneapolis, MN, USA); DEC-1 (Novus Biologicals, Littleton, CO, USA); DcR2 (Cayman Chemical, Ann Arbor, MI, USA); and b-actin and a-tubulin (Sigma Chemicals). HTLV-1 Tax was detected by anti-Tax monoclonal antibodies from the National Institutes of Health AIDS Research Reference Reagent Program. 32 
Luminex protein analysis
Protein expression of total p53 and phospho-p53 ser15 was measured using a bead multiplex system (BioSource International, Camarillo, CA, USA). Samples were incubated for 2 h at room temperature with anti-p53 or anti-phospho-p53 ser15 beads in a 96-well plate. Detector antibodies were added to each well and incubated for 1 h, and the plate was read using Luminex100 IS instrument (Luminex, Austin, TX, USA). The concentrations of p53 and phospho-p53 ser15 were determined using a standard curve assayed at the same time with known amounts of recombinant p53 and phospho-p53 ser15 . This method permits a quantitative analysis of p53 protein or phospho-p53 ser15 , which is considered difficult in western blot analysis.
p53-DNA binding enzyme-linked immunosorbent assay
The TransAM p53 Transcription Factor Assay kit (Active Motif, Carlsbad, CA, USA) was used following the manufacturer's protocol. Nuclear extracts from cells were prepared using a nuclear/cytosol fractionation kit (BioVision, San Diego, CA, USA) according to the manufacturer's protocol. Samples were diluted to 10 mg total protein with lysis buffer and applied to plates containing an immobilized oligonucleotide containing the p53 consensus binding site. After 1 h at room temperature, plates were washed and incubated with p53 antibody for another hour. After incubation with the secondary antibody, the developing solution was added, incubation was continued to allow color development and absorbance was read at 450 nm with a reference wavelength of 650 nm.
Transfection, luciferase assay and small interfering RNA (siRNA)
Transfection was performed with a Cell Line Nucleofector kit V or kit T and the Nucleofector system (Amaxa Biosystems, Cologne, Germany). The transfection program for ST1 (O-17), HuT102 (O-16), KOB (T-20) and KK1 cells (T-20) was determined so that high levels of transfection efficiency and cell viability could be achieved (data not shown). Cells were transfected with the luciferase reporter plasmid containing 13 copies of a p53 consensus binding site (pG13-Luc) and incubated with or without Nutlin-3a for 24 h. 20 Luciferase activity in 10 mg cell lysate was measured using luciferase assay reagents (Promega) according to the manufacturer's instructions in a TD-20/20 luminometer (Turner Designs, Sunnyvale, CA, USA). Each experiment was carried out in triplicate. siRNA of p21 (Silencer Validated siRNA no. 1621), TIGAR (Silencer Select siRNA no. 32679) and control siRNA (Silencer Negative Control no. 1) were purchased from Applied Biosystems. Each siRNA was transfected at a final concentration of 20 nM. At 24 h after transfection, cells were used for experimentation.
Results
Mutations of p53 and deletions of p14 and p16
We first analyzed the p53 status of 16 hematological cell lines, including 9 ATL-related cell lines, and found that 8 had wildtype p53 and 8 had mutated p53 (Table 1) . ST1, KOB and OMT had single nucleotide polymorphisms at codon 72, which is the most extensively studied polymorphism in p53. 22 Consistent with previous reports, there was no mutation in p53 of HuT102, MT2, SUDHL-4 and MOLT-4 cells. [33] [34] [35] Mutations detected in Ramos and Jurkat, deletions in HL60 and an insertion in K562 cells were all in accordance with earlier reports 34, [36] [37] [38] or the data from the International Agency for Research on Cancer (http://www-p53.iarc.fr/). Accordingly, six of nine ATL-related Table 1 Mutations of p53 and deletions of p14 and/or p16 Nutlin-3a induces senescence in ATL cells H Hasegawa et al cell lines carried wild-type p53 in our analysis. The results of deletion analysis of p16 and p14 genes are summarized in Table 1 . Deletions of both p16 and p14 occurred in all ATL-derived cell lines, and 11 cell lines lacked both, irrespective of their p53 status.
Nutlin-3a induces cell-growth inhibition and accumulation of p53
We next examined the effect of Nutlin-3a on the growth of the 16 cell lines. All eight cell lines with wild-type p53 showed apparent growth inhibition following treatment with Nutlin-3a, but the eight cell lines with mutated p53 were resistant (Figures 1a and b) . As Nutlin-3a is expected to stabilize and activate p53 protein, we first examined the basal expression levels of p53-related proteins by western blot analysis (Figure 1c) . Among p53 wild-type cell lines, ATL-related cell lines had elevated basal levels of p53 and some cells also had detectable levels of p21, in agreement with earlier reports. 33, 39, 40 Four p53-mutated cell lines showed strong expression of p53, probably because of mutations, and the others showed almost no band, consistent with the fact that they have deletions or nonsense mutations (Table 1) . More important, these results were in accordance with those of Luminex analysis (Figure 1d ). Although KOB, LM-Y1 and K562 showed a faint expression of p27, other cell lines did not express detectable levels of p27. HTLV-1 Tax protein was detected in HuT102, MT2, OMT and KOB, which is coincident with the results of mRNA expression (Table 1) . In Luminex analysis, p53 wild-type cell lines showed a 4-to 12-fold increase in p53 expression after 24-h exposure to Nutlin-3a as a result of the inhibition of p53 degradation, which was not observed in p53-mutated cell lines (Figure 1d) . Furthermore, time-dependent accumulation of p53 and MDM2 was clearly detected using western blot analysis (Figure 1e and data not shown). Meanwhile, there was no change in the expression of HTLV-1 Tax by Nutlin-3a treatment (Figure 1e ).
Activation of p53 by Nutlin-3a in adult T-cell leukemia/lymphoma (ATL)-related cell lines
In addition to the accumulation of p53 protein, we further evaluated transcriptional activities of p53 from various perspectives. We first analyzed the level of DNA-binding activity of p53 using enzyme-linked immunosorbent assay. When cells were treated with Nutlin-3a, all p53 wild-type cells showed higher activities than positive control cells (Figure 2a) . Next, we transfected ST1, HuT102, KOB and KK1 cells with a luciferase reporter plasmid, pG13-Luc, treated with or without Nutlin-3a, and performed a luciferase assay. As a result, fold inductions of luciferase activities were observed in a dose-dependent manner and showed maximum activities with 5 mM Nutlin-3a in ST1 and HuT102 cells, whereas KK1 cells with mutated p53 showed no change (Figure 2b ). Luminex analysis revealed that Nutlin-3a caused obvious phosphorylation of p53, a 4-to 20-fold increase, in all p53 wild-type cell lines, which had not occurred in KK1 cells (Figure 2c ). These results indicate that Nutlin-3a causes the accumulation, increase of transcriptional activity and phosphorylation of p53 in ATL-related cell lines with endogenous wildtype p53.
Nutlin-3a causes apoptosis in p53 wild-type cells
To clarify the details of Nutlin-3a-induced cell death, we performed Annexin-V/propidium iodide staining in p53 
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H Hasegawa et al wild-type cell lines. We found weak apoptotic changes with 10 mM Nutlin-3a and less than 30% of cells became positive for Annexin-V, except MOLT-4 cells, which showed apparent apoptosis (Figures 3a and b) . In contrast, with more than 20 mM Nutlin-3a, all p53 wild-type cell lines showed rapid apoptosis and almost no living cell fraction was observed by Annexin-V/propidium iodide staining. These results suggest that Nutlin-3a eventually causes apoptosis in p53 wild-type cell lines in a dose-dependent manner. We then performed western blot analysis of key molecules of the p53 pathway. In addition to cleaved forms of caspase-3, we found dose-dependent increase of BAX, PUMA, NOXA and Hzf, no change of Bcl-2 and dosedependent decrease of XIAP and survivin (Figure 3c ).
Nutlin-3a induces cellular senescence followed by cell-cycle arrest in p53 wild-type cells
Despite weak apoptotic changes, cell growth of p53 wild-type cell lines was significantly depressed by Nutlin-3a at a concentration of 10 mM. To clarify this discordance, we performed cell cycle analysis. When cells were treated with 10 mM Nutlin-3a for 24 h, these cells showed significant cell-cycle arrest in the G1 phase instead of apoptosis. The G1 cell population increased from 63 to 78% in ST1 and from 68 to 92% in HuT102 (Figure 4a ). Similar results were observed in the other p53 wild-type cell lines (Figure 4b ). Although it has been reported that p53 has a central role in the induction of cellular senescence, Nutlin-3a-induced cellular senescence has not been reported in leukemia cells. 41, 42 We thus performed SA-bgal staining as a marker of cellular senescence after incubation with 10 mM Nutlin-3a for 72 h. Five of eight p53 wild-type cell lines (ST1, HuT102, MT2, OMT and KOB) were clearly stained by SA-b-gal and all were ATL-related cell lines (Figure 4c and data not shown). No non-ATL cell lines became positive for SA-b-gal staining. In contrast, after treatment with 1 mM sodium butylate, a well-known senescence inducer, all cell lines examined, including those with mutant p53 (SO4 and K562), became positive for SA-b-gal staining (data not shown). Among five SA-b-gal-positive cell lines, three lacked both p16 and p14 ( Table 1 ), suggesting that these cells underwent p53-dependent cellular senescence without the participation of p16 and/or p14. We further analyzed whether removal of Nutlin-3a alters cell fate, senescence or cell proliferation. To this purpose, p53 wildtype ATL cell lines were cultured with Nutlin-3a for 72 h to 
Analysis of molecules involved in p53-dependent cellular senescence
Little is known about the key molecules or markers of cellular senescence. To explore such molecules, we performed western blot analysis comparing the cellular senescence setting with the apoptotic setting (Figures 5a and 3c ). As expected, p21 expressions increased in the senescence setting (Figure 5a ) but rather decreased in the rapid apoptotic setting (Figure 3c) . Most of the typical effectors of apoptosis, BAX, PUMA and NOXA, Nutlin-3a induces senescence in ATL cells H Hasegawa et al tended to increase and antiapoptotic factors, such as XIAP and survivin, decreased even when cells were induced to cell-cycle arrest and senescence (Figure 5a ). The expressions of p27, 14-3-3s and FLIP L were increased in ST1 cells but not in HuT102 cells (Figure 5a ). It should be noted that PIG3 and TIGAR were increased in a time-dependent manner in both ST1 and HuT102 cells (Figure 5a ), which was not observed in the apoptotic setting (Figure 3b) . Collectively, these results suggest that the activations of p21, PIG3 and TIGAR are important in the induction of cellular senescence. Although we expected that Hzf would have a key role in determining either progression to cell-cycle arrest with senescence or apoptosis, we did not find any significant differences between the two settings.
Novel evidence that TIGAR has a role in cellular senescence
Previous studies reported that PIG3 has a critical role in p53-dependent apoptosis and that p21 can contribute to both cellular senescence and cell-cycle arrest. 2, 4 We first performed a knockdown experiment of p21 with siRNA in ST1 cells. When control-siRNA cells and p21-siRNA cells were treated with Nutlin-3a, a 56% reduction of SA-b-gal-positive cells was observed in p21-siRNA cells when compared with controlsiRNA cells (data not shown). Next, we focused on TIGAR and performed siRNA experiments using ST1 and HuT102 cells because the study of TIGAR has started only recently and its role in p53-depedent cell death remains unclear. 6 We confirmed that control-siRNA cells showed upregulated TIGAR expression after Nutlin-3a treatment, which was effectively suppressed by TIGAR-siRNA (Figure 5b ). Although TIGAR is reported to be an inhibitor of apoptosis, si-TIGAR did not enhance apoptosis but rather reduced Annexin-V-positive cells (Figure 5c ). In a cellular senescence setting, the proportion of SA-b-gal-positive cells was significantly reduced in TIGAR-siRNA cells (reduced to 48 and 29% in ST1 cells and HuT102 cells respectively) (Figure 5d ). Similar results were also obtained in KOB cells (data not shown). These results suggest that TIGAR has an important role in the induction of cellular senescence.
Synergistic effect of Nutlin-3a and TRAIL
As some death receptors (DRs) are known as downstream genes of p53, we analyzed the cell-surface expression of DRs using flow cytometer. 4 As a result, most p53 wild-type cell lines showed the upregulation of Fas (DR for Fas-ligand) and DR5 (DR for TRAIL) expressions after Nutlin-3a treatment (Figure 6a ). Our previous studies showed that although ATL cells are resistant to TRAIL, upregulation of DR5 expression can overcome TRAIL resistance. 26, 43 In fact, ST1 and KOB cells were resistant to TRAIL and the half-maximal inhibitory concentration of each cell line was very high, 13.5 and 17.1 mg/ml, respectively. It should be noted that the combination of Nutlin-3a and TRAIL significantly decreased cell proliferation, and the synergistic effects were confirmed by isobolographic analysis (Figure 6b ). As shown in Figure 6c , although the half maximal inhibitory concentration of ST1 and KOB cells for Nutlin-3a was 6.85 and 11.35 mM, respectively, a combination of 2.5 mM Nutlin-3a and only 0.6 mg/ml TRAIL markedly increased the proportion of 
Discussion
Cellular senescence is emerging as an important in vivo anticancer response elicited by multiple stresses. Recent reports have shown that cancers in mice can be eliminated through the activation of a single gene p53 and that cellular senescence is a primary mechanism of tumor regression. [44] [45] [46] Nutlin-3a was reported to induce apoptosis in various cancer cells with functional p53; however, the induction of cellular senescence in leukemia cells has not been reported. 41, 42, 47, 48 In this study, we showed for the first time that Nutlin-3a induces cellular senescence in a number of ATL-related cell lines with wild-type p53.
Although the relative importance of p16, p14 and p53 in cellular senescence is still unclear and the mechanism is thought to be different in humans versus mice or by cell type, there is evidence to suggest that p14ARF is closely associated with the induction of cellular senescence in mice. 10, 11, 49 Consistent with this scenario, cells without both p16 and p14 have not been shown to undergo cellular senescence, as far as we know. In this study, however, although most ATL-related cell lines examined lacked both p16 and p14, Nutlin-3a did induce cellular senescence in these cells, suggesting that p53-dependent cellular senescence was induced without the participation of p16 and p14. Markers of cellular senescence may be useful as diagnostic or prognostic tools and may help to monitor treatment response. In addition to SA-b-gal, p16 and p14, Collado et al. identified de novo markers of cellular senescence using oncogene-induced senescent cells. 50 These markers were p15
INK4b BHLHB2 (Dec1) and TNFRSF10D (DcR2). In this study we did not find any change in the level of protein expression of Dec1 and DcR2 in cells that underwent cellular senescence. Instead, we found apparent upregulation of p27, 14-3-3s and FLIP L in ST1 cells and these changes were not observed in apoptotic cells. More important, the expression of TIGAR was increased in both ST1 and HuT102 cells during cellular senescence. In addition, using TIGAR-siRNA, we showed that TIGAR has an important role in the induction of cellular senescence. Our results suggest that TIGAR is a novel maker of cellular senescence. In this aspect, Bensaad et al. proposed that TIGAR might modulate the apoptotic response, allowing cells to survive following stress signals. 6 As the inhibition of apoptosis is one of the important processes of cellular senescence, knockdown of TIGAR may result in the inhibition of cellular senescence. Another important point is that all cells that underwent senescence were ATL-related cell lines. ATL cells are known to be resistant to various apoptotic signals, the mechanism of which may lead ATL cells toward cellular senescence. A previous report pointed out that an antiviral drug, zidovudine, can activate p53 in ATL cells and that cellular senescence contributes to zidovudine-induced cell death. 51 Supporting their theory, our study clearly indicated that cellular senescence is an important pathway of p53-dependent cell death in ATL cells.
Although it has been thought that the p53 pathway is disturbed in ATL cells by HTLV-1 Tax, 15, 21 other chemicals alternatively activate p53 through inhibition of the nuclear factor kB or phosphatidylinositol 3-OH kinase (PI3K)/AKT pathway and induce apparent cell-cycle arrest and/or apoptosis. [52] [53] [54] In our study Nutlin-3a caused rapid apoptosis in a number of ATL-related cell lines with wild-type p53, and typical targets of p53, such as BAX, NOXA, PUMA, DR5 and survivin, actually responded to Nutlin-3a treatment. These results indicate that Nutlin-3a can overcome Tax-induced p53 impairment even in cells with high Tax expression. Meanwhile, a recent report showed that Tax binds the anaphase promoting complex, stabilizes the expression of p21 and p27 independently of p53 and induces rapid senescence. 55 It was suggested that evading senescence through a loss of p27 is critical for cell transformation and the development of ATL. This scenario, an early event in the development of ATL, might not be reflected by the ATLrelated cell lines used in this study; however, upregulation of p27 in ST1 cells when they underwent senescence is quite suggestive.
Previous studies have shown that the use of Nutlin-3a in combination with genotoxic drugs is more effective in leukemia cells than each agent alone. 41, 42 On the other hand, a recent report pointed out that rapid MDM2 reduction or profound p53 activation in mice results in an unfavorable outcome. 56 In our study, TRAIL successfully reduced the dose of Nutlin-3a and showed synergism. TRAIL-related drugs (soluble-TRAIL or antibodies to DR4 or DR5) are now in clinical trials and combination therapy with other antineoplastic agents is now becoming important. 57, 58 As p53-induced proapoptotic molecules, including DR5, were upregulated and antiapoptotic molecules were decreased by Nutlin-3a treatment, the combinatory use of TRAIL-related drugs may be one of the most rational choices for Nutlin-3a-based cancer therapy.
